This research work presents multi-quality features optimization while wire electrical discharge machining (WEDM) of Ti-6Al-4V. Taguchi's L27 orthogonal arrangement is applied to inspect the outcome of governing variables such as pulse-on period, pulse-off interval, discharge voltage, discharge current, wire feed speed and cable tension on the kerf width, material removal rate (MRR), the surface roughness (SR) and overcut during intricate profile manufacturing on Ti-6Al-4V. To optimize all six governing variables, the grey relational investigation (GRI) is applied. The grey relational score is used as a multi-quality unique index (MQUI). From the experimental results the optimal configuration of governing variables obtained is pulse-on period 110 µs, pulse-off interval 55 µs, discharge voltage 40 volts, discharge current 170 Amp., wire feed speed 3 m/min and cable tension 8 gram. ANOVA analysis indicates that pulse-on period is an essential variable concerning the quality outputs. Results of confirmation trials show that the optimal governing variables improved the grey relational score (GRS) from 0.9048 to 0.9226 for the multiple responses. SEM analysis of machined parts shows that at high values of pulse on period and discharge current, deep craters, globules of debris, voids, and micro cracks are formed on the cut surface thus deteriorating the surface finish.
INTRODUCTION
WEDM is a thermal machining method in which material is removed by incessant sparks generated in a minute space between the wire electrode and workpiece in the existence of dielectric. It uses a thin wire made up of brass, copper, molybdenum, tungsten, or coated wire in the diameter range of 0.05-0.3 mm as an electrode and converts electrical power into thermal energy. This process is capable of achieving minimal corner radii up to 0.016 mm-0.13 mm. After machining, the heat affected zone is tiny and lies in the range of 0.0025 mm-0.038mm. Also, due to negligible cutting forces allows it to obtain tight tolerances up to 2 microns. Thin sections can also be machined with a small amount of distortion. In WEDM there are many process parameters involved which are classified into electrical parameters and wire electrode type as input factors and kerf width, MRR and surface roughness as output parameters. They employed Taguchi based grey relational analysis for the multicharacteristics optimization. Pulse off time was found to be the significant factor affecting the performance measures. Kuriachen et al. [11] performed experiments on Ti-6Al-4V using micro-WEDM. They studied the effect of capacitance, gap voltage, wire tension and feed rate on MRR and surface roughness. A fuzzy-based modeling and particle swarm optimization was used for multi-objective optimization. Capacitance was found to be the prime factor affecting the performances. Majumdar and Maity [12] carried out an optimization of WEDM parameters for Titanium Grade-6. They used an integrated approach of PCA coupled with MOORA analysis. They found that the proposed optimization method involves less calculation as compared to other conventional methods. Raj and Prabhu [13] used Taguchi's L9 orthogonal array to determine the effect of pulse on time, pulse current and pulse off time on MRR and surface roughness using brass wire and molybdenum wire. From experimental results, it is found that pulse current and pulse on time have significant effect output features. PCA based Gray relational analysis was used for multi-feature optimization. Pujara et al. [14] carried out WEDM of Al-SiC composite. They investigated the influence of wire feed, pulse on time, peak current and pulse off time on kerf width and MRR. Taguchi based grey relational analysis was used for multi-characteristic optimization. Devarajaiah and Muthumari [15] studied the effect of current, pulse off time, wire speed and pulse on time on MRR and power consumption while WEDM of Ti-6Al-4V. They developed regression models for the outputs and used a desirability function approach for multiresponse optimization. Ali et al. [16] performed tests on stainless steel S304 using dry micro WEDM. They evaluated the influence of gap voltage and wire tension on dimensional accuracy.
Titanium and its alloys find broad applications in aerospace, chemical plant, automotive, power generation, surgery and medicine, oil and gas extraction, sports, etc. They possess enormous power, low density to weight ratio can withstand higher cutting temperatures, better corrosion resistance, very less thermal expansion coefficient, high rupture strength, and fatigue strength, can be applied at cryogenic temperatures, nonallergenic and fully biocompatible [17] .
During conventional machining of titanium alloys, many problems occur such as the creation of higher mechanical stresses adjacent to the cutting boundary of the tool, chatter, uneven heat distribution in the tool, wear and tear of the flank and react chemically with all the tool materials at higher machining temperatures, etc. [18] . WEDM process can be effectively employed to machine such challenging to cut materials. This paper presents the optimization of quality characteristics using grey relational study during composite profile machining of Ti-6Al-4V using wire EDM. Taguchi's L27 orthogonal table is used for testing to establish the most excellent governing variables combination. The levels of the controlling variables are evaluated following the four quality characteristics namely kerf width, MRR, surface roughness and overcut. Grey relational score is used to discover the influence of the governing variables on quality characteristics. SEM analysis of machined surfaces is performed to examine microstructures at low discharge energy and high discharge energy level. GRI provides a superb result to unsure, multi-factor and isolated problems. WEDM system is parallel; therefore GRI method can be effectively applied for the optimization of such kind of experimental work.
MATERIALS AND METHODS

Machine Tool and Work Material
To attain the statistics for modeling, successive tests are carried out on a sprint cut WEDM (ePULSE-40) having 5-axis manufactured by Electronica Machine Tool Ltd., India. Figure  1 indicates the schematic diagram of the experimental setup and Figure 2 shows the actual test set up. During experimental setup, the dial indicator is used to ensure parallelism and perpendicularity of the workpiece concerning machine table. The work material decided in this exploration is Titanium grade-5 (Ti-6Al-4V) having chemical composition of 6% Al, 4%V, 0.25% (max) iron, 0.2% (max) oxygen and rest titanium. A block of 30 mm x 30 mm x 5 mm thick is used as a workpiece material connected to the anode. A brass wire of 0.25 mm diameter attached to the cathode is used to cut the intricate profile on the workpiece. Figure 3 shows the workpiece after WEDM. Such types of complex profiles are cut on the components which are used in aerospace and automobile industries. De-ionized water is used as a dielectric with a flushing pressure of 15 kg/cm 2 to clean the debris from the cutting region. The dielectric conductivity is retained at a steady value of 20 μS/cm at 25 °C. All Trials are conducted at zero wire offset. The servo feed is kept at a constant value of 2120 units. 
Square block
Assessment of Response Characteristics
The following response characteristics are selected for the present research work:
Metal Removal Rate (MRR)
MRR is evaluated by finding the weight of the workpiece before and after cutting divided by machining time. The weight loss is then converted into the volume of material removed in mm 3 /min using the Equation.
(1) [15] .
MRR =
Volume of material removed time taken in min (1)
Surface Roughness (SR)
The surface roughness (Ra value) of the square block is assessed by using a Mitutoyo make digital surface tester SJ-210 in μm. The surface finish is measured thrice on each cut surface perpendicular to the cut, and then the average value is obtained. The sampling length is considered as 0.8 mm during an assessment. Also, to examine the surface quality of the cut surfaces a scanning electron microscope (SEM) (JEOL 6300F, Japan) is used.
Kerf Width
The kerf width at four diverse places on the profile i.e. at straight cut (W1), at an angle 90° (W2), 70° (W3), and 30° (W4) is measured by using a profile projector of 0.1 micron least count (Dr. Heinrich Schneider ST 360 H German make). Kerf width is measured thrice at the respective locations as shown in Figure 3 , and then the average is taken [16] .
Overcut
It is the lateral space between the wire and workpiece during machining. Overcut [20] is determined by using Equation.
(2).
Overcut =
Magnitude of cut -D 2 (2) where, D is the diameter of wire in mm. The magnitude of the cut is the statistical variation of sizes between the square block and square on the workpiece. The dimension of the square on the workpiece is measured by a profile projector, and for that of the square, block is with a digital micrometer Mitutoyo make having an accuracy of 1 micron.
Plan of Experiments
In the present research, six governing variables are chosen such as pulse-on period, pulse-off interval, discharge voltage, discharge current, wire feed speed, and cable tension. To fix the proper range of governing factors, a sequence of preliminary tests are accomplished by varying one element at a moment while maintaining other factors steady at some value. Also, by taking reference of machine catalog, taking into consideration the thickness of the workpiece and the variation of quality characteristic, i.e., MRR about the cutting variables, the echelons of the governing factors are decided and are indicated in Table 1 . In the present research work, given six three-level factors and the interactions between three of them requires a total of 24 degrees of freedom (DOF). Therefore, Taguchi's L27 orthogonal table is used since it has 26 DOF, which is larger than 24 DOF in the selected governing parameters. Each trial is conducted three times; thus overall 81 tests are performed. Table 2 indicates the results of the Taguchi technique which are average of the three measurements of the performance characteristics. Minitab 16 software is employed for the statistical investigation.
The "lower-the-better" quality attribute (Equation.
3) is used for calculating the signal to noise ratio (S/N) of four kerf widths, surface roughness and overcut, whereas "higher-the better" quality feature (Equation 
where, Yij is the i th experiment at the j th test and n is the total number of repetitions. 
RESULTS AND DISCUSSION
The influence of WEDM governing factors over performance characteristics, kerf width, surface roughness, MRR and overcut are analyzed and presented below: Figures 4 -7 indicate that the kerf width increases with the increase in pulse on period and discharge current, and decreases with an increase in pulse off interval and discharge voltage. This is because as the pulse on period and discharge current increases; the discharge energy increases, which creates a large number of craters on the workpiece surface leading to increase in material removal and deteriorating surface finish. As the pulse off interval decreases, the number of discharges within a given time becomes more which leads to higher values of kerf width. With the increase in discharge voltage, the average discharge gap is widened resulting in a lower cutting rate [21] . The effect of wire tension on the kerf width is not very significant. From ANOVA Table 3 indicates that pulse on period, pulse off interval, discharge voltage, discharge current, and wire feed rate are essential parameters (p-value<0.05) affecting the kerf width. It is observed that wire tension is the non-significant parameter for the kerf width. 
Effect of Governing Parameters on Kerf Width
Effect of Governing Factors on Surface Roughness (SR)
It is observed from the Figure 8 that surface roughness increases with the raising of the pulse on period, and discharge current and improves with the increase in pulse off interval, discharge voltage, and wire feed speed. The discharge energy increases with the pulse on period, and discharge current and more substantial discharge power produce a more massive crater, causing higher surface roughness value on the workpiece. As the pulse off interval diminishes, the number of discharges boosts which causes an increase in the values of surface roughness. With the growth in discharge voltage, the average discharge gap gets widened, and the amount of heat energy transferred to the workpiece decreases and less amount of material is melted and vaporized. This results in the formation of craters small size resulting in the decrease of surface roughness values due to stable machining [5] [6] . With an increase in the wire feed speed, duration of contact between wire and workpiece decreases as the wire moves fast over the workpiece and workpiece is exposed to less amount of discharge energy resulting in less volume of material removal from the workpiece. Also, considering the thickness of the workpiece, as the wire speed increases, wire vibrations also increases and stability of the wire in the gap is adversely affected. Wire breakage occurs at these conditions. This results in unstable machining conditions and may result in uneven distribution of sparks in the gap. This leads to a decrease in surface roughness [7, 22] . The effects of cable tension are not very noteworthy. ANOVA Table 4 shows that pulse on period, discharge voltage, discharge current and wire feed speed are essential parameters (p-value<0.05) affecting the surface roughness. It is observed that pulses off interval and wire tension are the nonsignificant parameter for surface roughness. 
Effect of Governing Factors on MRR
It is found from the Figure 9 that MRR enhances with the increase of the pulse on period, and discharge current and reduces with the increase in pulse off interval, discharge voltage, and wire feed speed. As pulse on period, and discharge current raises, more amount of discharge energy is produced which results in further removal of material by melting and evaporation. With a small pulse off interval, the removal time for disintegrated particles from the gap being inadequate. The maximum MRR occurs which is due to the complete flushing of the disintegrated particles, and the complete de-ionized fluid is available for the next discharge. Further increase in pulse off interval value decreases the discharge frequency and increase the overall machining time [5] [6] . With an increase in the wire feed speed, duration of contact between wire and workpiece decreases as the wire moves fast over the workpiece and workpiece is exposed to less amount of discharge energy resulting in less volume of material removal from the workpiece. Also, considering the thickness of the workpiece, as the wire speed increases, wire vibrations also increases and stability of the wire in the gap is adversely affected. Wire breakage occurs at these conditions. This results in unstable machining conditions and may result in uneven distribution of sparks in the gap. This leads to a decrease in MRR [7, 22] . The effect of wire tension is not very notable.
ANOVA Table 5 shows that pulse on period, pulse off interval, discharge voltage, discharge current, and wire feed speed are essential parameters (p-value<0.05) affecting the MRR. It is observed that wire tension is the non-significant parameter for MRR. Figure 9 . Effect of governing factors on MRR. 
Effect of Governing Factors on Overcut (OC)
It is found from Figure 10 that overcut first decreases sharply with the increase in pulse on period and then increases somewhat. As pulse off interval boosts, the overcut first amplifies and then diminishes. With the growth in discharge current and discharge voltage, decrement in the value of overcut is observed. Increasing cable tension value leads to elevated dimensional deviation. The effect of wire feed speed is not very noticeable. The forces acting on the wire electrode are the leading causes of the geometrical inaccuracy of the machined parts. The efficiency and the accuracy of the process are limited by the process parameters as well. Overcut value increases if the energy contained in a pulse increases to a considerable value. That's why when the pulse on period is very high the overcut increases. With the increase in cable tension the vibration and deflection of the wire changes resulting in the growth of overcut [23] .
ANOVA Table 6 shows that pulse on time, peak current and wire tension are essential parameters (p-value<0.05) affecting the overcut. It is observed that pulse off time, servo voltage and wire feed rate are the non-significant parameters for overcut. Figure 10 . Effect of governing factors on overcut (OC). 
Multi-Quality Characteristic Optimization using Grey Relational Investigation (GRI)
Grey theory was presented by Deng [24] . GRI is a multi-criteria assessment technique based on grey hypothesis. According to this approach, there are two categories of outputs namely, 'known' and 'unknown.' These results are represented as 'black' and 'white' respectively, in a grey hypothesis. The black indicates unknown data and white suggests known results. Other than black and white systems there may exist some incomplete data for all the experiments. This incomplete data is known as the grey system. When experimentations are ambiguous or if the trials cannot be performed correctly, grey investigation helps to compensate for the insufficiency in statistical regression. GRI is an efficient way of studying the correlation between experiments with less information and can explore various parameters that can overcome the limitations of an analytical technique [25] .
Since in WEDM many factors are involved and is a transient process, therefore, can be regarded as a grey system. The theory of GRI is to evaluate the relationship and extent of closeness between the parameters based on the binary form of the several cycles [24] .
In the present study, four quality characteristics that are required to be optimized by preferring suitable cutting conditions. They are kerf widths at four different locations, MRR, surface roughness and overcut. Such kind of problem is translated into a single objective optimization problem by applying grey relational investigation. The various steps involved in the grey relational study are as follows:
Approach to the Present Research
The WEDM process to be studied corresponds to 27 different tests. For the grey relational study, these 27 tests become 27 subsystems. The effect of these subsystems on the response characteristics is to be studied using the GRI system. Hence, the WEDM process is examined by performing 27 experiments where each trial is called a comparability sequence. The parametric setting related to the highest grey relational score provide the minimum values of the kerf width, surface roughness and is changed into a single characteristic optimization problem with the GRI method.
Methodology
The following stepwise approach is applied to explain the above formulation.
Step1: Standardization of S/N ratio In this step, a standardization of S/N is carried out to convert the original series into a comparable sequence. Table 7 shows the initial set of the S/N ratio. For this purpose, a linear normalization of the S/N ratio in the range of 0 to 1 is accomplished which is also called as the grey relational generating. The "smaller-the-better" and "Larger-the-better" is an attribute of the original run, and it is used to evaluate ranks in the GRA. Then the unique series is standardized using Equation. (5) and Equation. (6) and is indicated in Table 8 . Step 2: Calculation of Deviation Series The deviation sequence Δ0i(k) is the numerical difference between the reference series Z0 * (k) and the comparability sequence Zi * (k) after standardization. It is determined using Equation. 7 and is represented in Table 9 .
Smaller-the-better
Δ0i(k) = | Z0 * (k) -Zi * (k)| (7)
Step 3: Generation of Grey Relation Coefficient (GRC) Grey relational coefficients are calculated as it states the relationship between the best (reference) and actual normalized S/N ratio. GRC explains the relationship between the reference series Z0 * (k) and the comparability sequence Zi * (k). The GRC is calculated by using Equation. (8) and is shown in Table 10 .
In Equation. (8) , ζ is the unique coefficient, ζ ϵ (0,1).
Step 4: Determination of Grey Relational Score (GRS)
The in general estimation of the multi-quality features is based on the grey relational score. GRS is an average summation of the grey relational coefficients which is defined as follows:
where, γ{Z0(k), Zi(k)} is the grey relational score for the j th trial and m is the number of quality characteristics. The GRS represents the degree of closeness among the reference series and comparability cycles. A higher value of GRS indicates a stronger union between the reference series and comparability cycles. The values of GRS are represented in Table  10 . Thus, GRI is a measurement of the total amount of variation between results of sequences and it can be employed to measure close connection among the courses. Step 5: Selection of Optimal Level Parameters and ANOVA The grey relational score obtained for each run is considered as an output for further investigation. Since a superior value of GRS indicates improved performance of the process, therefore more significant the better quality characteristic is utilized for the study of GRG. ANOVA is performed to establish the influence of each element in the response. The response table is generated to find out the outcome of each rank of ruling variables on the grey relational score as shown in Table 11 . The larger the value of GRS better is the particular multi-quality characteristic. From the response Table, 11 of grey relational rating for the highest GRS, the best permutation of governing variables is set with TON1(110), TOFF3(55), SV3(40), IP1(170), WF2(3), WT3(8). Step 6: ANOVA and Confirmation Experiments Analysis of variance (ANOVA) is applied to decide primary influencing factors and percentage contribution of governing variables for GRS. The results of ANOVA are represented in Table 12 . The percentage contribution of each variable influencing GRS is shown in Figure 11 . It is clear that the primary influencing factor is pulse on period (contributing 63.80%), followed by discharge voltage (adding 13.00%), pulse off interval (contributing 4.50%) and discharge current (providing 4.00%). The influence of wire feed speed and cable tension is found to be negligible. Also, the percentage contribution of interaction between pulse on period and discharge voltage (contributing 8.50%) found to be considerable as compared to other relations. By using optimum arrangement, TON1TOFF3SV3IP1WF2WT3 confirmation trials are completed, and related values are shown in Table 13 . These values signify that there is an enhancement in the grey relational score from 0.9048 to 0.9226 indicating improvement in the process. Figure 12 shows the microstructures of machined workpieces at low and high values of discharge energy. Discharge energy is the energy produced by a single spark which is converted into heat. The discharge energy primarily depends upon the pulse on period, discharge current and discharge voltage [26] . It shows craters, globules of debris, spherical particles, micro-cracks, melt drops, voids and matt surface appearance.
Microstructure (Surface Roughness) Analysis of Machined Samples
As the value of the discharge current increases density of sparks; hence thermal energy increases resulting in a rise in temperature up to 12000°C. This result in local melting and vaporization of material and more amount of molten metal is ejected from the crater as these flashes strike the workpiece surface with more impulsive force. Hence large deep cavities are formed on the machined surface. As pulse on period increases, more amount of heat is transferred into the workpiece and results in the decrease of plasma flushing efficiency. This results in the reduction of spark energy density and impulsive force. Thus the dimension of the molten crater increases resulting in resolidification of molten metal in the form of recast layer as molten metal is not thoroughly washed out [27] [28] . During the WEDM process due to rapid heating and cooling process, thermal stresses are produced, and micro cracks are formed on the workpiece surface [29] . All these factors lead to the more average surface finish. At low values of discharge energy during machining results in the smaller size of craters resulting in improvement of surface finish. 
Development of Regression Equations
From the experimental outcomes, mathematical relationships are developed between governing parameters and performance characteristics. The mathematical models are developed using multiple regression analysis method. For this analysis, Minitab 16 software is used to test user-defined linear models. The multiple regression coefficients (R 2 ) of all the equations are found to be above 85% suggesting the adequacy of the model above 85%. These equations can be used to find out the values of the performance characteristics at the specified operating conditions [14, 16] . The regression equations for the various response characteristics are as follows: 
CONCLUSIONS
The conclusions from the present research work are as follows:
1.
Pulse on period, pulse off interval, discharge voltage, discharge current, and wire feed speed mainly affect kerf width and MRR.
2.
Surface roughness is primarily influenced by pulse on period, discharge current, discharge voltage and wire feed speed.
3.
Overcut is mainly affected by pulse on period, discharge voltage and cable tension.
4.
By applying GRI technique, the optimal combination of governing variables has been set with TON1(110), TOFF3(55), SV3(40), IP1(170), WF2(3), WT3(8) which gives the highest grade value. An increase in the value of GRS from 0.9048 to 0.9226 indicates an enhancement in the performance of WEDM process using optimum values of governing parameters.
5.
Pulse-on period is the primary factor affecting the grey relational score. 6.
Microstructure analysis shows that with an increase in pulse on period and discharge current, large volume of heat energy released during machining which results in deep craters, globules of debris, voids and micro cracks thus deteriorating the surface finish.
7.
Mathematical models are developed between governing variables and performance characteristics using a regression analysis method, which can be used to determine the values of the quality characteristics at different values of input parameters
